Abstract. The vertebrate olfactory receptor (OR) subgenome harbors the largest known gene family, which has been expanded by the need to provide recognition capacity for millions of potential odorants. We implemented an automated procedure to identify all OR coding regions from published sequences. This led us to the identification of 831 OR coding regions (including pseudogenes) from 24 vertebrate species. The resulting dataset was subjected to neighbor-joining phylogenetic analysis and classified into 32 distinct families, 14 of which include only genes from tetrapodan species (Class II ORs). We also report here the first identification of OR sequences from a marsupial (koala) and a monotreme (platypus). Analysis of these OR sequences suggests that the ancestral mammal had a small OR repertoire, which expanded independently in all three mammalian subclasses. Classification of "fishlike" (Class I) ORs indicates that some of these ancient ORs were maintained and even expanded in mammals.
Introduction
Olfactory receptors (ORs) are seven-transmembrane domain (7TM) proteins (Lancet and Pace 1987; Reed 1990; Buck and Axel 1991) . Previous work (Lancet and Ben-Arie 1993) suggested their classification into at least eight families within the G proteincoupled receptor (GPCR) superfamily. OR genes are expressed with clonal and allelic specificity, with one specific OR gene being expressed in every olfactory cell (Lancet 1986; Chess et al. 1994) . In contrast to the immunoglobulin system, where proteins specific for diverse antigenic ligands are generated by a complex system of somatic recombination and clonal selection, olfactory receptors are present in the genome in a large germ-line repertoire, estimated to consist of several hundred genes in mammalian species and about 100 genes in catfish [reviewed in (Mombaerts 1999) ]. This suggests a large expansion of the OR repertoire in higher vertebrates. The ligand-binding phenomenology of ORs can be described by a probabilistic model (Lancet et al. 1993b) , with many receptors binding many ligands with different affinities. Such combinatorial coding has been demonstrated (Malnic et al. 1999) . In this context, the addition of novel receptors confers the advantage of broadening the ligand spectrum that can be recognized. Conversely, OR gene loss can cause specific anosmias, or reduced discriminating capability (Lancet et al. 1993a) .
OR genes are intronless in their coding region (Buck and Axel 1991; Nef et al. 1992 ), but have a long intron splitting the 5Ј untranslated region, as predicted by computer analysis of genomic sequence (Glusman et al. 1996) and confirmed by comparison of cDNA and genomic sequences (Asai et al. 1996) and transcription analysis (Qasba and Reed 1998; Walensky et al. 1998) . OR genes have been found to be organized in the mammalian genome in many clusters (Ben-Arie et al. 1994; Griff and Reed 1995; Sullivan et al. 1996; Rouquier et al. 1998b) . One of these clusters, fully sequenced by us on human Chromosome (Chr) 17 (17p13.3), includes 17 OR genes out of the expected several hundred in the human olfactory subgenome. The OR genes in this cluster belong to various families and subfamilies. Conversely, genes from the same family have been found in different clusters and on different chromosomes (Sullivan et al. 1996; Rouquier et al. 1998b) , suggesting a complex history of gene and cluster duplications.
Prior to the present report, OR databases included several hundred annotated olfactory receptor genes from many species. Several methods have been used to assign "trivial" names to related sets of sequences, based on clone name (e.g., HGMP07E, R2C4), a cloning method or environment (e.g., HPFH1OR, HSOLFMF), a chromosomal location (e.g., OR17-2 or even OR912-95 for a group of chromosomes), a genome-wide sequential numbering with species assignment (e.g., OLFR89, ZF2A, SCor35), or an arbitrary designation (e.g., gen147). Moreover, various different roots have been used for denoting olfactory receptors, including OR, OLF, and OLFR. The consistent nomenclature system proposed here would thus be highly valuable for future research and inter-group communication in the olfactory receptor field.
Materials and methods
Cloning of monotreme and marsupial ORs. Platypus (Ornithorhynchus anatinus) and koala (Phascolarctos cinereus) DNA was kindly provided by Bronwyn Houlden (School of Biological Sciences University of New South Wales, Sydney, NSW 2052, Australia). The primers for PCR amplification were previously designed to amplify part (TM2-TM7) of the open reading frame of OR genes, based on the 5B and the 3B redundant primers (Ben-Arie et al. 1994). The PCR mixture contained a total volume of 25 l containing 50 mM KCl, 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 200 mM of each deoxyribonucleoside triphosphate (dNTP), 0.1 mM of each primer, 1 unit of Taq DNA polymerase (Boehringer Mannheim, Germany), and 50 ng of genomic DNA. PCR products were electrophorated in a 1% agarose gel to view their size, and then cloned into the CloneAMP pAMP1 system for rapid cloning kit (GibcoBRL). Plasmid DNA for sequencing was purified with the Wizard Plus SV Minipreps kit (Promega).
Sequencing. Sequencing reactions were performed on PCR products or clones in both directions with dye-terminators (Dye terminator cycle sequencing kit; Perkin Elmer) on an ABI 373 or ABI 377 automated sequencer. The primers used for sequencing of the cloned insert in the pAMP vector were as follows: 5Ј-AAGCTTGGATCCTCTAGAGC-3Ј and 5Ј-CTGCAGGTACCGGTCCGG-3Ј. After base calling with the ABI Analysis Software (version 3.0), the analyzed data were edited using Sequencher 3.0 (GeneCodes Corporation, Ann Arbor, Mich.).
Estimation of repertoire size. The distribution of the number of monotreme (or marsupial) ORs that appeared n times as obtained experimentally was fitted to a set of binomial distributions with repertoire sizes ranging from 18 (or 20) to 500, assuming an equal probability for each gene to be cloned. The distributions resulting from each tested repertoire size were compared with the experimentally observed distribution, and a correlation coefficient was calculated for each.
Database search. tblastn (Altschul et al. 1997 ) was used to compare amino acid query sequences to the non-redundant version of GenBank 112, with a non-stringent expectation value cutoff of 1e-4. In addition, a set of 131 private sequences was used, including 94 human genomic sequences (Fuchs et al. in preparation) and the marsupial and monotreme sequences. For each database hit, a list of one or more distinct locations showing significant similarity to OR sequences was created; the relevant nucleotide sequence was extracted from the database and was further considered as a new OR gene candidate.
Composite conceptual translation. The nucleotide sequences of the OR candidates were translated conceptually with FASTY (Pearson et al. 1997 ) against a curated set of 96 OR protein sequences from human, dog, mouse, rat, chick, clawed frog, zebrafish, and catfish, available electronically. This translation method takes into account the possibility of frameshifts and reconstructs the original reading frame of the query, as compared with the most similar database hit. Since the latter frequently includes only part of the OR open reading frame, the translated region was extended in both directions (whenever possible) based on additional database hits. To do this, the query sequence was translated by using as template for translation database hits of lower similarity (higher expectation value, up to 1e-2) but more extensive than the initial, best hit. Any resulting translated segments that extend the original result to the 5Ј or to the 3Ј were suitably concatenated to build a composite translation product.
Range selection. Unfiltered blastp (Altschul et al. 1997 ) was used to compare each composite conceptual translation with the 216-amino acidlong segment of OR3A1 (Crowe et al. 1996; Glusman et al. 1996) spanning the region of transmembrane 2 to transmembrane 7, as defined by the OR5B and OR3B primers (Ben-Arie et al. 1994) . This corresponds to positions 68-283 in the alignments of olfactory receptor genes in the Gprotein Coupled Receptor Database, GPCRDb (http://swift.emblheidelberg.de/7tm/). Resulting TM2-TM7 segments were used further only if they had a length of at least 100 amino acids.
Sequence collection ruleset. An iterative sequence search strategy was designed and implemented in Perl. This strategy was used to detect all OR-like sequences in the databases. Six initial amino acid query sequences were used: OR17-4, HSOLF3, OR17-40, HSOLF1, OR11-55, and the catfish ICTORDF, representing families 1, 2, 3, 5, 6 and Class I, respectively. Candidate OR-like sequences were translated conceptually, and the TM2-TM7 segment was recognized. Each new candidate sequence was compared by using blastp (Altschul et al. 1997 ) with the growing dataset of the previously detected OR sequences, with the following ruleset: if the new sequence is 100% identical to a previously detected sequence of the same species, it is considered redundant; if the level of identity is at least 60% (same OR subfamily), the new sequence is added to the dataset and not processed further; if the level of identity is at least 40% (same OR family), the new sequence is added to the dataset and treated as a new query automatically; if the new sequence is at least 40% identical to a previously identified outgroup (non-OR) sequence, it is added to the set of outgroup sequences; otherwise (less than 40% identity to any sequence) the new sequence is left for a human curator to classify (as a new OR family, and therefore as a new query, or as a new outgroup) based on additional information. After no more sequences were found, nrdb90 (Holm and Sander 1998 ) was used to optimally reduce redundancy to 99% level while keeping the longest possible sequences.
Multiple alignment and tree building. The OR amino acid sequences were aligned with ClustalW (Thompson et al. 1994; Higgins et al. 1996) by using standard parameters. ClustalW implements the NJ (neighbor-joining) method of Saitou and Nei (1987) . The following human sequences were used as outgroups: the endothelial differentiation protein edg-1 (EDG1, locus HUMEDG), the MC2-melanocortin receptor (MC2R, locus HSACTHR), the A2a adenosine receptor (ADORA2A, locus HSA2AREC), and the ␤3 adrenergic receptor (ADRB3, locus HSB3A), which was used for rooting. Phylogenetic trees were depicted by using TreeView (Page 1996 ) on a Power Macintosh. Large (>500 taxa) trees were rooted by using retree from the Phylip package Version 3.57c (Felsenstein 1989) .
Clustering of sequences into families and subfamilies. For each
node N in the rooted NJ tree produced, the average distance AD is defined as:
where A and B are the subtrees joined by node N, and PID(a,b) is the percentage identity between taxa a and b. Families and subfamilies are then defined as the largest subtrees rooted at nodes with AD Յ 0.6 or 0.4, corresponding to at least 40% or 60% identity, respectively.
Results and Discussion
Sequence collection. An iterative, semi-automated data mining procedure was employed for retrieving all available OR sequences from the databases. The procedure required 34.5 h to complete, with up to five parallel processors on a Sun Enterprise 10000 computer, evidencing the magnitude of the gene superfamily under study. In total, 315 sequences were used as queries for blast searching, and 1822 resulting candidates were conceptually translated. Of these, 772 sequences were found by annotation or by additional comparisons to belong to other GPCR families, e.g., dopamine and serotonin receptors. Among the remaining sequences, 107 showed less than a minimal overlap with the sequence core between transmembrane helices 2 and 7 (TM2-7), and 112 were identical to other OR sequences of the same species. After eliminating all these 991 sequences, the resulting dataset included 831 OR protein sequences from 25 species (Table 1) . Human intervention was required in 109 cases, 25 of which resulted in the recognition of new sets of OR genes. The facts that only about half of the candidate homologous sequences recognized prove to be OR genes (indicating low specificity) and that the detected non-OR sequences belong in many different GPCR families (not shown) suggest that the search procedure is very sensitive. Therefore, very few OR sequences are expected to have been missed. The high throughput genome sequences (HTGS) partition of GenBank was not searched, to avoid the inclusion in the phylogenetic analysis of low-quality sequence. A conceptual translation method (based on FASTY) was used, which optimizes reading frame usage and reconstructs the original sequence, in case of frameshifted pseudogenes. This strategy was preferred, since for the purpose of classification it is important to build an evolutionarily correct tree of the OR sequences and to avoid errors that could be introduced by "literal" translation. Since a large proportion of primate OR genes have been shown to be pseudogenes (Rouquier et al. 1998b (Rouquier et al. , 2000 Sharon et al. 1999 ), such approach is particularly important for studying OR sequences. Indeed, a large proportion of the resulting sequences included a small number of frameshift corrections that allowed the reconstruction of sequences showing significant similarity to other OR genes throughout the resulting open reading frame. A similar procedure was used to detect and reconstruct known and additional pseudogenes of other gene families (G. Glusman, unpublished results), suggesting that the procedure may be of general use.
Many almost-identical OR sequences are present in the databases, in many cases derived from total genomic DNA or from flow-sorted chromosomes, and may be artefactual, representing the same locus with small sequence variations. Therefore, almost identical sequences were removed from the dataset to a 99% identity level, yielding an OR dataset of 780 sequences. This procedure removed mainly human entries (Table 1) . Several cases exist of nearly identical sequences for which additional information (e.g., chromosomal location or mapping) indicates that they represent distinct genes. In these cases, manual analysis allowed us to maintain the sequences in the database.
Sequence classification. The 780 OR sequences were multiply aligned by using ClustalW. A phylogram was generated by using the neighbor-joining algorithm and was rooted with human ␤3 adrenergic receptor as outgroup. Additional non-OR GPCR sequences introduced into the analysis were found not to intermix with the OR genes, as expected. The clustering results (Fig. 1) show a major subdivision that includes OR of both Class I ("fishlike") and Class II (tetrapodan), as previously defined, based on a study in the amphibian Xenopus laevis (Freitag et al. 1995) . The two classes were clearly separated in the present analysis, with 64 sequences in Class I and 704 sequences in Class II. Another major subdivision included six sequences from lamprey (Lampetra fluviatilis) reported as ORs (Berghard and Dryer 1998) , which showed highest similarity to an adenosine receptor, which was previously used as an outgroup for comparing lamprey ORs to Class I and Class II ORs (Freitag et al. 1999) . Interestingly, these lamprey sequences lack the MAYDRY motif typical of ORs (Lancet and Ben-Arie 1993), but most have instead an IAYDRY motif, which is more similar to the IAIDRY motif of the A2a adenosine receptors. This raises the interesting possibility that the I→Y mutation in this highly conserved motif happened at least twice independently during the very early evolution of the OR gene superfamily. This highly conserved, OR-specific tyrosine residue shows a significant bias in synonymous codon usage (Conticello et al. 2000) , suggesting that its presence is important to OR function. Class I ORs. OR genes described to date in fish all belong to Class I, except for a few genes in the 'living fossil' coelacanth Latimeria chalumnae (Freitag et al. 1998 ). On the other hand, while in tetrapods a majority of the OR genes belong to Class II, many nonfish species (mammals, birds, and amphibians) were found to have Class I ORs as well. With average distance cutoffs corresponding to 40% and 60% protein sequence identity, our current phylogenetic analysis suggests that Class I ORs may be classified into at least 17 families (squares in Fig. 2) . Interestingly, these families can be grouped further into five distinct "subclasses" that show a significant correlation to evolutionary classification (circles in Fig.  2 ). Subclass a includes mostly mammalian ORs, but also a few from bird, amphibians, and fish. The second large subclass b includes mostly fish ORs, but also a family of amphibian ORs. Subclass c includes coelacanth, mammalian, and fish representatives. Finally, two minor subclasses d and e include only fish and lamprey ORs, respectively. While additional Class I families and subclasses may be uncovered in the future, it is apparent that the early vertebrate genome included a very small number of Class I precursor ORs. It can be hypothesized that the two successive tetraploidization events (Lundin 1993) could have raised the Class I OR count from an initial value of one or two genes to four to eight, currently represented by the subclasses. Of these, one subclass underwent significant expansion only in teleost fish, while another thrived in tetrapods.
In the human genome, Class I ORs are a minority. Ironically, one of the first ORs to be discovered was HPFH1OR, experimentally characterized as an enhancer causing hereditary persistence of fetal hemoglobin type 1 (HPFH1; Feingold and Forget 1989) , and described as an apparent truncated GPCR, before the discovery of olfactory receptors (Buck and Axel 1991) . Only 9 years later was it recognized (Buettner et al. 1998) as a rare human Class I OR. The same analysis also led to the identification of another human HPFH enhancer, HPFH6OR (Kosteas et al. 1997 ) as a Class I OR. Several additional examples of mammalian Class I ORs were subsequently discovered (Raming et al. 1998; Bulger et al. 1999) . A more recently published corrected sequence for HPFH1OR showed higher resemblance to Class I ORs and was shown to be expressed in erythrocytes (Feingold et al. 1999) . The surprising conservation and expansion of Class I ORs in terrestrial animals suggests that they may have attained new functions, which need not be related to olfaction.
Class II ORs. The Class II sequences were grouped into 14 families, each subdivided into several subfamilies. There is considerable asymmetry in the size of the different families: the families Table 1 ) and trivial names. For human genes, a gene symbol is indicated. The bar indicates 10% divergence along each branch.
labeled 1+7 are currently represented by more than 300 members, and families 2 and 5 have more than 80 each, while five other families have a current count of less than a dozen. A group of subfamilies within family 1 are significantly different from the other subfamilies and appear to have undergone significant expansions in the mammalian lineages. For convenience, and for compatibility with previous nomenclature, this subtree (Fig. 3a) is designated as family 7.
We produced a separate multiple alignment for each family, and then we constructed family-specific consensus sequences by using a simple majority rule at each position in the alignments. The neighbor-joining phylogenetic tree (not shown) of these consensus Fig. 3 . Partial phylogenetic trees within family 1 (redundancy reduced to less than 90% identity), including most monotreme and marsupial ORs discovered. The columns on the right indicate species codes (as in Table 1 ) and trivial names. For human genes, a gene symbol is indicated. The bar indicates 10% divergence along each branch. a) The group of subfamilies defined as family 7. All platypus ORs are clustered, as well as all koala ORs. Triangles on top indicate subfamilies which underwent significant expansion in placental mammals. b) Family 1 subfamilies indicating potential orthologous pairs between the mammalian taxonomical classes.
sequences indicates that some families are significantly related to each other (e.g., 2 and 10), but also that the branching order of most families is less conclusive. This supports the notion of a rapid radiation of ancestral OR genes at the time when OR families were established.
A small number of putative honeybee ORs have been cloned by nested-PCR amplification of honeybee cDNA with degenerate primers derived from mammalian sequences (Danty et al. 1994 ). These ORs belong in Class II and are more similar to mammalian ORs than any lamprey OR detected to date. We find it, therefore, extremely unlikely that these are bona fide invertebrate ORs, conserved since their divergence from vertebrates.
Monotreme and marsupial olfactory receptors. Fifty PCR subclones were sequenced for each of the platypus and koala DNA preparations. Of these, 29 and 36 reactions respectively yielded good quality sequence. Each identified OR gene was represented one to five times (Table 2) , resulting in 18 and 20 unique OR sequences, respectively. All these sequences belonged to Class II, and for both species the majority was from families 1+7, while the rest were from families 2, 5, and 6. These results suggest a relatively small OR gene repertoire, less expanded than that of placental mammals. We have carried out an analysis based on the assumption that the number of appearances of a given receptor sequence is binomially distributed. This led to an estimated repertoire size of 50 for both species. Because of the large error introduced by the small sample size, PCR primer bias, and the low slope of the correlation curve beyond the observed maximum (not shown), this should be considered a minimal estimate. On the other hand, many of the observed monotreme and marsupial ORs are tightly related and appear to be later expansions (Fig. 3) . This suggests that the OR repertoire of the early mammal was very small, not unlike that of fish (Ngai et al. 1993; Mombaerts 1999) and lampreys (Berghard and Dryer 1998) . On the other hand, previous evidence (Glusman et al. 1996) suggests that the mammalian OR subfamilies include members that diverged from each other around the time of eutherian radiation. Thus, it may be the case that most of the OR expansion occurred over a relatively short evolutionary time period.
Nomenclature. A nomenclature system is proposed here, based on family and subfamily classification. It is consistent with currently accepted nomenclature schemes for other multigene families, e.g., the P450 superfamily (Nelson et al. 1996) and the UDP glucuronosyltransferase superfamily (Burchell et al. 1991) and with HUGO guidelines and recommendations (White et al. 1997 (White et al. , 1999 .
The family and subfamily divisions and names were compared with those defined in a previous version of the OR nomenclature (Lancet and Ben-Arie 1993) and found to be generally compatible; family and subfamily designations were kept whenever possible. New subfamilies were introduced as needed. The letter 'O' was avoided for subfamily designation, to avoid confusion with the numeral '0'. Class II families were numbered starting at one (currently 1-14), while Class I families were numbered starting at 51 (currently 51-68).
The proposed OR nomenclature is based on the following five rules for building gene and product names (Fig. 4): a) The italicized root symbol "OR" ("Or" for mouse), representing Olfactory or Odorant Receptors, is followed by an arabic number denoting the family, one or more letters denoting the subfamily, and an arabic number representing the individual gene within the subfamily. A hyphen should precede the final number in mouse genes.
b) "P" ("ps" in mouse) after the gene number denotes a pseudogene. c) If a gene is the sole known member of a family or subfamily, the subfamily letter and gene number are included explicitly, to prevent unneeded redesignations when further sequences are made available.
d) The human nomenclature should be used for all species except mouse.
e) The name of the mRNA and protein products in all species (including mouse) should include all capital letters, without italics or hyphens.
Examples: "OR1E1" and "OR3A5P", for OR17-2 and OR17-25, respectively .
Using these nomenclature guidelines, and on the basis of the classification results described above, we have assigned standardized names to the human OR genes detected in the databases. The proposed gene names have been submitted to the major databases (GDB/GenBank) and can be browsed via the HORDE web site (http://bioinfo.weizmann.ac.il/HORDE).
Nomenclature of orthologous genes. Orthologous genes in two or more species are those that we know, with a high degree of probability, correspond to the ancestral gene that existed before the evolutionary divergence of the two species. For example, a gene was described (Rouquier et al. 1998a ) that is unique and shows conserved synteny in various primate genomes and whose evolutionary history could be clearly traced. On the other hand, any post-species-divergence events of gene duplication or conversion can make ortholog assignments difficult or equivocal. We have reported several such events in the primate evolutionary history of The marsupial and monotreme ORs discovered: trivial name, family assignment, pseudogene status, and number of copies observed in the sample performed. the OR genes in the human Chr 17p13.3 cluster (Sharon et al. 1999) . It is to be expected that orthology assignments for wider divergence times (e.g. human-rodent) should be more difficult, but some assignments could be made if OR clusters showing conservation of synteny are fully mapped or sequenced in more than one species (M. Lapidot et al., in preparation) . It is expected that additional knowledge, confirming or denying orthology relations, may require gene redenominations. We, therefore, suggest that whenever orthology assignments are unclear, sequential numbering of new genes be followed, as in practice for the UDP glucuronosyltransferase gene superfamily (Burchell et al. 1991) .
Closing remarks
Since the number of available OR sequences is growing quickly, there is an urgent need to adopt a standard naming method. We describe here the results of extensive data mining of available olfactory receptor gene sequences and their classification based on the analysis of their phylogenetic relationships. We hope the proposed nomenclature will be adopted widely and serve the community in providing a common ground for referring to olfactory receptor genes and gene products. We urge the researchers to consult with us for assigning names to newly described OR genes.
